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Abstract.  In the frame of the European project SOPHIA a concentrator photovoltaic (CPV) module measurement round 
robin has been initiated. The round robin includes measurements of four CPV modules at seven different test 
laboratories located in Europe. IV curves of the modules are measured with different measurement equipment under 
various climatic conditions. The aim of this activity is to perform at each site a rating of the modules at concentrator 
standard operating conditions CSOC according to IEC 62670-1. The outcome of the round robin is intended for direct 
feedback to the current draft standard IEC 62670-3 “Concentrator Photovoltaic (CPV) Performance Testing - 
Performance Measurements and Power Rating”. The paper discusses initial results from the first three partners that have 
already finished the measurements up to now. 
Keywords: CPV modules, performance testing, standardization 
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INTRODUCTION 
Within the International Electrotechnical 
Commission technical committee 82 working group 7 
(IEC TC82 WG7) several standards related to CPV are 
under development at the moment. This involves IEC 
62670-3 “Concentrator Photovoltaic (CPV) 
Performance Testing - Performance Measurements and 
Power Rating” [1] which will define the procedures 
for the power rating of CPV modules and systems at 
concentrator standard operating conditions (CSOC) as 
well as at concentrator standard testing conditions 
(CSTC) according to IEC62670-1 [2]. Both, CSOC 
and CSTC specify a spectral distribution of the direct 
normal irradiance consistent with conditions described 
in IEC 60904-3 [3]. The DNI for CSOC (CSTC) is 
defined as 900 W/m² (1000 W/m²), and the ambient 
temperature is specified to be 20 °C (cell temperature 
25 °C). For CSOC the wind speed is defined as 2 m/s. 
For CSTC a specification of wind speed does not make 
sense, as cell temperature is fixed.  
At the moment several options for the rating at 
CSOC are under discussion within the power rating 
subgroup of IEC TC82 WG7. The CPV module round 
robin described here aims at supporting these activities 
by testing the discussed procedures at various 
locations. 
PLANNING OF THE ROUND ROBIN 
The subgroup related to CPV within the European 
project SOPHIA agreed on performing a round robin 
with CPV modules at CSOC in order to support the 
standardization activities within IEC TC82 WG7. The 
intention of the round robin is to test measurement 
procedures that are under discussion for inclusion in 
the CPV power rating draft standard IEC 62670-3 [1] 
as well as generating a set of data on the identical 
modules measured at various locations and thus 
various climatic conditions. In this context it is 
important to mention that all partners agreed on 
providing the measured raw data to the IEC TC82 
WG7 in order to allow for the testing of different data 
filtering and power rating methods. 
Test Specimens 
Several commercially available CX-M400 CPV 
modules have been provided by Soitec free of charge 
as test samples for the round robin activity. The Soitec 10th International Conference on Concentrator Photovoltaic SystemsAIP Conf. Proc. 1616, 167-172 (2014); doi: 10.1063/1.4897053©   2014 AIP Publishing LLC 978-0-7354-1253-8/$30.00167
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CX-M400 modules [4] use lattice matched triple-
junction solar cells and Silicone-on-Glass (SoG) 
Fresnel lenses. Each module consists of 98 solar cell –
 lens pairs. 49 of the cells are connected in series and 
these two strings are connected in parallel. The 
aperture area of the modules is 0.32 m². Four of the 
modules have been chosen randomly as test specimen. 
One further module is included in the test as a spare 
module in case of potential damage. Additionally 
Soitec provided single lenses and mounted solar cells 
of the same type as used in the CX-M400 modules. 
Using this material, mono modules have been 
assembled at Fraunhofer ISE. In contrast to the full 
size modules, the mono modules are equipped with 
two Pt100 temperature sensors. One of the sensors was 
placed on the lens plate close to the Fresnel lens 
whereas the other is located on the heat sink in 
proximity to the solar cell. One mono module has been 
included in the round robin; one further mono module 
has been added as a spare. The idea behind the 
inclusion of the mono module with in the round robin 
test was to primarily gather data on the lens 
temperature. This data could be useful to explain 
potential differences in measured values originating 
from the temperature dependence of the Silicone on 
glass Fresnel lens performance [5]. A power meter and 
a potentiometer are shipped together with the modules 
in order to test an alternative alignment procedure for 
CPV modules – see chapter alignment. 
Besides the CX-M400 and the mono modules 
which correspond to the test samples, sensors for 
assessment of the irradiance have been included to the 
equipment for the round robin equipment. A Kipp & 
Zonen pyrheliometer and a Black Photon component 
cell sensor [6] are circulated between the partners 
together with the modules. This has been done in order 
to minimize the two main sources for uncertainty in 
the rating of CPV modules, which is on the one hand 
the measurement of the direct normal irradiance 
(DNI), and on the other hand the quantification of the 
influence of the spectral distribution of the DNI on the 
performance of CPV modules.  
Additional accessories like screws and springs for 
mounting as well as adapters for electrical connection 
have been added to the equipment to be sent to the 
partners. Modules, irradiance sensors and further 
equipment were packed safely in a box on a palette in 
order to minimize risk of damage. 
Round Robin Guidelines 
Before kicking off the measurement 
intercomparison activity general round robin 
guidelines were agreed upon between the partners. At 
every stage of the definition of these guidelines the 
IEC TC82 WG7 power rating subgroup has been 
involved in discussions. Guidelines include a 
description of the equipment included in the package 
as well as general instructions to follow like a material 
checklist for the unpacking of the equipment and a 
scheme on how to pack the equipment again after 
finalizing the measurements.  
Requirements For Test Period And Measured Data  
Minimum requirements for the test period were 
defined. The measurement data must include at least 
three days with: 
-  direct normal irradiance DNI > 800 W/m² during test 
period 
-  direct to normal global irradiance ratio 
DNI/GNI > 0.8 during a test period 
-  at least one crossing point of spectral matching  
ratio [7] SMR(top,mid) = 1  ± 5% per day 
-  test periods of at least 1 h with no interruption of 
measurement by clouds or tracker faults 
-  test periods should include 30 minutes before and 30 
minutes after SMR = 1 crossing point 
-  at least 5 measurements of IV curve per module 
before and 5 measurements after the SMR crossing 
point within a test period per day 
-  modules must be out in the sun for 30 min before 
every valid IV-measurement 
The above requirements follow the current draft 
standard IEC62670-3 [1]. However it was agreed on to 
reduce the necessary number of days fulfilling these 
requirements from five to three in order to be able to 
finish the round robin in a reasonable time frame. 
Additionally - in contrast to IEC62670-3 - there has 
not been any initial restriction on wind speed. 
However, wind speed of course is required to be 
reported together with the IV data in order to detect 
any potential influence of wind speed on the power 
rating of the modules.  
The data to be reported includes all measured raw 
data. In this way a valuable database for future testing 
of various data regression and analysis methods is 
generated. The actual raw data is required to include: 
-  IV-curve measurement rate, time of measurement 
and sweep direction 
-  meteorological data sampling rate (e.g. 1/second, at 
the beginning of the IV curve…) and register rate 
(e.g. average of last 60 sec, only last sample, average 
through the IV-sweep time interval…) 
-  type of load of modules in between measurements 
-  number of days outdoors and - sum of kWh received  
-  rainfall/gust/shocks/extreme events within outdoor 
period, peak temperature 
-  cleaning events; only water and ethanol is 
acceptable, cleaning should occur at least once per 
day 168
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Alignment Procedure 
There is not yet a full consensus within the power 
rating subgroup of IEC TC82 WG7 about which 
alignment procedure(s) will be included in 62670-3. 
Thus the round robin is also used to test practicality of 
different alignment procedures. Fraunhofer ISE has 
suggested two new procedures for aligning CPV 
modules based on the use of a variable load resistor 
(potentiometer) together with a wattmeter.  
Both procedures are based on connecting the CPV 
module to be aligned with a variable load resistor 
capable of receiving the module’s maximum power 
output. Additionally a wattmeter is connected to the 
resistor and module. The wattmeter simultaneously 
measures voltage as well as current and also displays 
power.  
The first procedure proposed is based on 
maximizing the current output of the module at a 
voltage corresponding to 0.8 times the open circuit 
voltage VOC. The alternative second procedure 
corresponds to an iterative increase of the power 
output of the module. With initial optical alignment of 
the module, (a) the power output is maximized by 
changing the load resistance, and then (b) the power is 
maximized by changing the alignment of the module. 
These steps (a) and (b) are repeated iteratively until no 
further increase in power output can be achieved. The 
idea of the round robin is to test these two procedures. 
A detailed stepwise description of the two methods is 
given in the appendix. 
The alignment of the mono modules is done by 
maximizing the short circuit current ISC, alignment of 
the pyrheliometer and component cell sensor follows 
the manufacturer manual.  
Partners Of The Round Robin 
Seven partners of the European project SOPHIA 
located in France, Germany, Italy and Spain have 
agreed to joining the round robin activity. The partners 
and their locations are summarized in table 1 
 
TABLE 1. Partners (in alphabetic order) participating in 
the SOPHIA CPV module round robin together with their 
geographic location. 
Partner Location Altitude 
CEA-INES Le Bourget du Lac, France 
45.65N, 5.87E 
230
ENEA Portici, Italy 
40.81N, 14.34E 
0
Enel I&R Catania, Italy 
37.40N, 15.00E 
30
Fraunhofer ISE Freiburg, Germany,  
48.01N, 7.83E 
270
IES-UPM Madrid, Spain 
40.45N, 3.71W 
695
JRC Ispra, Italy 
45.82N, 8.63E 
220
ROUND ROBIN STATUS  
AND INITIAL RESULTS 
Initial measurements of the CPV modules and 
mono modules were performed at Fraunhofer ISE 
between April and June 2013 – see Figure 1.  
 
 
FIGURE 1.  CPV round robin measurement samples 
mounted on the tracking unit at Fraunhofer ISE in Freiburg, 
Germany. Equipment included in the round robin: 1 - Soitec 
CX-M400 modules; 2 - Soitec-ISE mono modules;  
3 - pyrheliometer; 4 - component cell sensor 
 
Two additional partners finished measurements in 
2013 and modules were sent to partner four. However, 
measurements there could not be finished before the 
winter break when requirements for irradiance and 
spectral distribution are not met. At the time of writing 
this paper measurements at the fourth partner are just 
being finished and modules are on the way to partner 
five. Review of data from partner four has just begun. 
Thus in the following only initial data from the first 
three partners is analyzed. 
Initial Results 
Additionally to the specifications described in 
chapter Requirements For Test Period And Measured 
Data the measured IV curves were filtered with the 
following criteria:  
- |Z(top,mid)| < 0.005 
- |Z(top,bot)| and |Z(mid,bot)| < 0.05 
The spectral parameter Z [8] has been chosen for 
filtering spectral conditions rather than the spectral 
matching ratio SMR [7] as it is a symmetric measure 
for the spectrum in contrast to the SMR: 
Z(top/mid) = -Z(mid/top) whereas SMR(top/mid)  
SMR(mid/top)1. Z(top,mid) is defined as follows  
[7-9]: 
                                                 
1 For SMR values close to 1 deviation is almost negligible and 
SMR(top,mid) § 1 + 2 x Z(top,mid). 
1
2
3
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with R(top)=ISC(top,measured)/ISC(top,AM1.5d) 
and R(mid)=ISC(mid,measured)/ISC(mid,AM1.5d), 
where ISC(top(mid),measured) is the actual measured 
current of the top (middle) component cell and 
ISC(top(mid),AM1.5d) is the calibrated current of the 
top (middle) component cell at AM1.5d ASTM 
G173-03. In other words compared to AM1.5d a 
Z(top,mid) value of x % corresponds to a x % higher 
(relative) current in the top cell and at the same time a 
x % lower (relative) current in the middle cell.  
During the measurement period of the three 
partners almost no Z(top,bot) values near 0 occured 
while Z(top,mid) was close to 0. Therefore, the filter 
criteria for Z(top,bot) has been widened compared to 
Z(top,mid).  
The remaining IV data has been averaged over and 
are considered as rated IV parameters in this paper. 
Please note that the filtering and regression method of 
recorded data is still an open point in IEC 62670-3. 
After receiving more data from further partners an 
analysis of diverse data regression methods will be 
performed. For illustration of the deviations between 
the partners for each module the mean value between 
partners has been determined and the deviation of a 
partner’s rated efficiency to this mean value in percent 
is plotted. Figure 2 shows the initial results.  
 
 
FIGURE 2.  Deviation of rated efficiency to mean rated 
efficiency for the three partners for each of the four 
measured modules A to D.  
 
A promising initial agreement between partners 
was found. The maximum deviation between the three 
partners is 4.5 % (relative). Interestingly rated 
efficiencies at partner 3 are systematically above the 
mean value whereas values for partner 2 are below the 
mean rated efficiency. A potential explanation might 
be the spectral distribution of the DNI. In the 
following this will be analyzed in more detail. Table 2 
gives mean values and standard deviations of the 
spectral parameters Z after data filtering as described 
above for the 3 partners (values averaged over all 4 
modules). 
 
TABLE 2. Spectral parameter Z after data filtering. Mean 
value and standard deviation is given for each partner. 
Partner Z(top,mid) Z(top,bot) Z(mid,bot) 
1 0±0.003 0.021±0.008 0.021±0.007 
2 0.003±0.008 0.026±0.015 0.025±0.015 
3 0±0.003 0.036±0.003 0.037±0.003 
 
Due to the tight filtering on Z(top,mid) there is 
almost no difference between Z(top,bot) and 
Z(mid,bot). Thus for the following considerations only 
Z(top,bot) is taken into account. Please note that for 
such Z values close to Zero, corresponding to SMR 
values close to unity the approximation given in the 
footnote on page before for converting Z to SMR will 
lead to deviations in the 0.1 % range only.  
In the case here where mean Z(top,bot) values are 
above 0 this means that spectral conditions are “blue 
shifted” in contrast to AM1.5d. This is not taken into 
account by the pyrheliometer that shows (almost) no 
spectral sensitivity. A first order correction of this 
effect can be performed by correcting the measured 
DNI to an effective DNI. This is achieved by dividing 
the measured DNI by (1+Z(top,bot)). In the following 
Figure 3 similar deviations as in Figure 2 are shown 
after applying this correction to DNI measured with 
the pyrheliometer. 
 
 
FIGURE 3.  Deviation of rated efficiency to mean rated 
efficiency for the three partners for each of the four 
measured modules A to D. The DNI has been divided by 
Z(top,bot) in order to account for the blue shift of the 
spectral conditions during measurements (Z(top,bot)>0). 
 
Maximum deviation found in Figure 3 drops to 3 % 
and overall deviations are smaller compared to the 
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ones found in Figure 2. This strongly indicates that 
even for the rating of CPV modules applying lattice 
matched triple junction cells with excess current in the 
bottom subcell the irradiance on the bottom subcell 
region has to be taken into account. The correction 
method applied here still needs to be tested with more 
data from diverse locations.  
CONCLUSIONS AND OUTLOOK 
A CPV module round robin is being performed 
under the framework of the European project 
SOPHIA. Seven partners in four countries have joined 
the effort. Measurement data from three partners has 
already been reviewed and analyzed. Initial data shows 
a promising agreement for rated efficiency at 
concentrator standard operating conditions (CSOC). A 
maximum (relative) deviation of 4.5 % was found. The 
data obtained so far indicates that even for CPV 
modules applying lattice matched triple junction cells 
where the Germanium bottom subcell typically shows 
a high excess current, the irradiance in this wavelength 
region has to be taken into account by a component 
cell based irradiance sensor. 
A proposed correction method reduced observed 
maximum deviation to 3 % (relative). However, 
further analysis and test of this method with data from 
additional locations is required.  
At the time of writing this paper measurements at 
partner four have just been finished and modules have 
been shipped to partner five. The round robin activity 
is intended to be finished within 2014 with a re-
measurement of the modules at the initial partner.  
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APPENDIX – ALIGNMENT 
PROCEDURES 
Two alignment procedures were suggested which 
both use a variable load resistor and a wattmeter. 
Procedure 1:  
-  assure tracking unit alignment to sun to be within ±0.1°. 
-  connect module and wattmeter to the potentiometer set to 
maximum load resistance, then set resistance to 0 ȍ (short 
circuit current ISC) 
-  read the current output (ISC) of the module at the 
wattmeter; maximize ISC of the module by changing the 
alignment of the module (*) 
-  increase resistance of the potentiometer while controlling 
the current output at the display of the wattmeter 
-  stop when current output is ±10 mA; read voltage output 
(VOC) of the module on the display of the wattmeter 
-  decrease resistance of potentiometer until voltage is 
0.8xVOC 
-  maximize current output by changing alignment of the 
module  
-  check alignment of tracking unit to sun - if tracker 
alignment is worse than ±0.1°, restart procedure  
 
Procedure 2 - alternatively after maximizing the ISC 
of the module (*) follow: 
-  read power output of the module at the wattmeter 
-  increase load resistance until maximum power output of 
the module is reached. 
-  increase the measured power output by changing the 
alignment of the module 
-  increase/decrease load resistance to further maximize 
power output 
-  repeat last two steps until power output cannot be further 
increased 
-  check alignment of tracking unit to sun - if tracker 
alignment is worse than ±0.1°, restart procedure  
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